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ChemometricThe mechanism of Co electrodeposition in sulphate solutions containing boric acid was investigated using the
EQCM technique and potentiostatic measurements. The effects of solution composition, temperature and
deposition potential were studied using factorial design as a chemometric procedure. The boric acid was used
as a buffer to prevent pH changes due to the hydrogen evolution reaction (HER) during electrodeposition. The
results showed that Co(OH)2 was formed as a parallel reaction to metallic Co formation under some
experimental conditions. The analysis of the factorial design revealed that temperature and [Co2+:H3BO3]
molar ratio were the critical variables that affect the mechanism of cobalt electrodeposition. At high
temperatures (48 °C) and using a 5:1 molar ratio of [Co2+:H3BO3], the formation of cobalt hydroxide was
detected simultaneously with cobalt deposition.: +55 16 33518214.
.
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During cobalt electrodeposition in an aqueous solution, hydrogen
evolution occurs as a parallel process that consumes part of the applied
current and reduces the overall process efﬁciency. This secondary
process can affect the pH at the electrode–electrolyte interface and also
modiﬁes the kinetics and mechanism of cobalt electrodeposition [1–4].
As a consequence, the local pH rise can lead to cobalt hydroxide
precipitation over the electrode, which interferes with the formation of
themetallic deposit producing a porous structure [5–8]. The increase of
pH near the electrode surface occurs due to water electrolysis and the
hydrogen evolution reaction (HER) [2,9], which is described as follows:
H2O + M−H + e
−→ M + H2 adsð Þ + OH−: ð1Þ
In order to avoid the pH variation at the electrode surface during
the electrochemical process, boric acid (H3BO3) is usually added to the
electrolyte [10–16]. As a result, the formation of hydroxide species
should be inhibited. Regardless, the real function of this additive in the
electrodeposition is controversial and different propositions have
been considered [13–16].
Due to the reaction complexity, several mechanisms for cobalt
electrodeposition have been regarded in the literature [3,5,9,17,18].
In general, these studies are potentiodynamic and the proposed
mechanisms depend on the solution pH and involve the formation of
intermediates, such as CoOH+ and/or Co(OH)2. In our previous study
[4], we investigated the effect of the temperature on the Co
electrodeposition mechanism in sulphate solutions containing boricacid during potentiostatic depositions using the Electrochemical Quartz
Crystal Microbalance technique (EQCM). The parameter used to discuss
the reaction mechanism was the apparent M/z value, a single factor
which combines potentiostatic measurements and EQCM data [3,19].
The results showed that only metallic Co was deposited at 25 °C,
whereas a large amount of Co(OH)2was detected at 48 °C. These results
suggested that, under that condition, the buffer contribution of boric
acid is not effective in the electrodeposition process. In order to verify if
this behavior can be observed in other experimental conditions, the
study was extended and a factorial design was used to optimize the
experiments and analyze the data [20,21]. The potential advantages of
using this chemometric procedure are to reduce the number of
experiments that must be performed and to quantify the effects of
each parameter and their cross-effects related to a speciﬁc parameter
[20,21]. The parameter chosen to investigate the Co electrodeposition
mechanism change is the same from our previous work, i.e. the M/z
ratio. The new set of results showed that not only the temperature
affects the mechanism of Co electrodeposition, as observed in our
previouswork [4], but also the effect of the [Co2+:H3BO3]molar ratio on
the M/z response is signiﬁcant. Moreover, the chemometric analysis
reveals that the cross-effect of the temperature andmolar ratio is critical
in this electrochemical process and a mixed mechanism can occur if
these both parameters are changed simultaneously.
2. Experimental
2.1. Electrochemical measurements
The experiments were carried out in a glass cell maintained at a
constant temperature using a thermostatic bath. The working electrode
2586 J.S. Santos et al. / Surface & Coatings Technology 205 (2010) 2585–2589(WE) was a 9 MHz AT-cut quartz crystal which exhibits excellent
frequency vs. temperature stability [22]. This crystal is coated with a Pt
ﬁlm covering a geometric area equal to 0.2 cm2. The auxiliary electrode
(AE) was a Pt sheet and all potentials were referenced to a saturated
calomel electrode (SCE). The resonance frequency shift was measured
with a Seiko EG&G Quartz Crystal Microbalance (model QCA 917) and
the system sensitivity coefﬁcients (K) were determined by calibration
[23]. The obtained values were 858.8 Hz μg−1 and 942.6 Hz μg−1 at
25 °C and 48 °C, respectively. The electrochemical measurements were
conducted using an EG&G PAR 263A potentiostat/galvanostat and two
electrolytes were used: 0.01 MCoSO4+0.01 MH3BO3+0.17 MNa2SO4
(pH 5.3) and 0.05 M CoSO4+0.01 M H3BO3+0.11 M Na2SO4 (pH 5.2),
with Na2SO4 as a supporting electrolyte and also to maintain ionic
strength constant. All solutionswerepreparedwithdeionisedwater and
analytical-grade reagents. Before each experiment, the electrolyte
solution was bubbled with N2 ﬂux for 20 min.
2.2. Factorial design
The calculated effects using a factorial design are determined by a
matrix calculation merging all variables at their different values [20,21].
In this procedure, kn experiments must be accomplished, where n is the
number of variables or parameters and k is the number of values of
each variable. Then to perform a factorial design with three variables and
two values, eight experiments are needed (23=8 experiments). In this
study, a 23 factorial design was used, where the parameters chosen were
[Co2+:H3BO3] molar ratio, temperature and deposition potential. These
variables were studied at two ﬁxed values, where the lowest was
indicated by (−) and the highest by (+). In this case, the response used to
quantify the effects of the variables was the M/z ratio, which was
calculated considering the mass variation and charge during the
measurements [3,4]. In the factorial design matrix, the parameters and
values used are described in Table 1. The experiments were performed in
duplicate and a Student's t-distribution with 8 degrees of freedom and
95% conﬁdence interval was used to calculate the experimental error
associated with individual responses [20,21]. A detailed description
concerning the calculation procedure of the effects and their standard
error for a 23 factorial design can be found elsewhere [21].
2.3. EQCM data processing
The EQCM technique coupled with electrochemical experiments is a
convenient tool to investigate an electrochemical reaction by simulta-
neously measuring the current, charge and mass variation at the
working electrode. According to the Sauerbrey equation [24], the
observed resonant frequency shift (Δf) can be converted tomass change
(Δm) following:
Δf = K : Δm:
This equation is valid if the deposits are rigid and slip conditions are
not met [22,25]. In the present case, the cobalt deposits are rigid and
satisﬁed those conditions, however, careful attention should bemade toTable 1
23 factorial design matrix combining all variables and values.
Variables Values Exp. A B C
(−) (+)
1 − − −
(A) [Co2+: H3BO3] molar ratio 1:1 5:1 2 + − −
(B) Temperature (°C) 25 48 3 − + −
(C) Edep (V) −0.90 −0.95 4 + + −
5 − − +
6 + − +
Response: M/z (g mol−1) 7 − + +
8 + + +avoid wrong interpretation of results. According to some authors
[25,26], the frequency change induced by immersion in an electrolyte is
related to the density and viscosity of the solution. Therefore, if
electrolyte temperature changes the sensitivity coefﬁcient may change
either. For this reason, the sensitivity coefﬁcient was determined by
calibration prior to the experiments at 25° and 48 °C as described above.
As discussed in previous works [3,4,19], the relationship between
apparent molar mass and the number of electrons involved in the
reaction (M/z) can be obtained by the product of the Faraday constant
and the derivative of the mass vs. charge curve using the mass
variation data and the Faraday Law. The M/z values can be used to
evaluate the number of reactions occurring simultaneously during an
electrochemical process. In the present study, the M/z values were
calculated from potentiostatic depositions at −0.90 V and −0.95 V
for 10 s in CoSO4 solutions containing boric acid at two ﬁxed
temperatures (25 °C and 48 °C). These experimental conditions are
used according to the 23 factorial design presented in Table 1.
3. Results and discussion
Fig. 1 exhibits the current transients obtained during potentiostatic
electrodeposition of cobalt in sulphate solutions and the corresponding
mass change observed during the process. In these experiments, a step
potential was applied between −0.1 V (where no Faradaic reaction
occurs) and −0.90 V or −0.95 V for 10 s at 25 °C or 48 °C. The
experimental conditions were chosen combining all variables and
values presented in Table 1. The results showed that the current related
to the experiments performed in solutions containing [Co2+:H3BO3] in a
molar ratio of 5:1 (Fig. 1B) was higher than those observed in solutions
which the molar ratio used was 1:1 (Fig. 1A), except for deposition at
E=−0.90 Vand25 °C. In the last case, the currents for bothmolar ratios
have similar values. Besides, it was also observed that the deposited
masswashigher in solutions containing [Co2+:H3BO3] in amolar ratio of
5:1 (compares Fig. 1C and D). This increase in absolute mass and total
current at molar ratio of 5:1 is related to the higher Co content in the
electrolyte increasing the rate of Co metal deposition.
Inorder to study theeffectsof thevariableson themechanismof cobalt
electrodeposition, the relation between molar mass and the number of
electrons involved in the reaction (M/z) was calculated and compared
with the theoretical values. Atﬁrst, some assumptions need to bemade to
determine which species are present at any stage of the deposition.
The M/z value involving direct cobalt reduction is 29.5 g mol−1
(MW Co/2e−=58.9 g mol−1), according to the reaction:
Co2+ aqð Þ + 2e−→Co sð Þ: ð2Þ
On the other hand, the M/z value corresponding to Co(OH)2
formation is 46.5 g mol−1 (MW Co(OH)2/2e−), in accordance with
the global reaction obtained from Eqs. (3) and (4):
2H2O + 2e
−→H2 gð Þ + 2OH− aqð Þ ð3Þ
Co2+ aqð Þ + 2OH− aqð Þ→Co OHð Þ2 adsð Þ ð4Þ
Comparing these theoreticalM/z valueswith the experimental ones,
it is possible to distinguish the mechanism of cobalt electrodeposition
and evaluatewhen amixedmechanism occurs during the electrochem-
ical process. During cobalt electrodeposition, experimental M/z values
close to the theoretical value of 29.5 gmol−1, indicate that the direct Co
metallic deposition is the dominant mechanism (Eq. 2). For experi-
mental M/z values close to 46.5 g mol−1, the mechanism of Co(OH)2
formation is the most important (Eqs. 3 and 4). In addition,
experimental M/z values between 29.5 and 46.5 g mol−1 suggest that
both mechanisms occur simultaneously and their magnitude gives the
proportion of each reaction.
Fig. 1. Cobalt potentiostatic depositions and mass variation during the experiments performed in sulphate solution containing [Co2+:H3BO3] in a molar ratio of 1:1 and 5:1.
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occurs at more negative potentials, following:
Co OHð Þ2 adsð Þ + 2e−→ Co sð Þ + 2OH− aqð Þ: ð5Þ
The Standard Potential for Eq. (5) is−0.97 V vs. SCE [5,27] and the
mechanism for the Co(OH)2 reduction involving reactions (3)–(5)
require an apparent M/z value of 14.7 g mol−1 (MW Co/4e−). In this
study, the potentials used for cobalt potentiostatic deposition were
more positive than −0.97 V and were located close to the water
electrolysis potential where HER occurs. Therefore, the majority of Co
(OH)2 produced is not reduced to Co(s) using these experimental
conditions.
The apparent M/z values as a function of deposition time for each
experiment are shown in Fig. 2. In thisﬁgure, it was observed that theM/z
values approach29 gmol−1 at 10 s for all experimentsperformedat 25 °CFig. 2. M/z transients as a function of time dindicating that the major reaction is described by Eq. (2), i.e. direct cobalt
deposition involving 2 mol of electrons (MCo/2e−=29.5 g mol>−1).
Consequently, only metallic Co was produced on the electrode inde-
pendent of [Co2+:H3BO3] molar ratio. In addition, from inspection of
Fig. 2(A) and (C), similar results are observed for the deposition carried
out at 48 °C and in the solution containing a [Co2+:H3BO3] in a molar
ratioof1:1. In these cases, theM/zvaluesalsoapproach29 gmol−1 at10 s,
which also suggests that the dominant mechanism is the direct cobalt
deposition. On the other hand, different behaviour can be observed
during thepotentiostaticdepositionat48 °C in theelectrolyte containinga
[Co2+:H3BO3] in amolar ratio of 5:1 (Fig. 2B andD). In these cases, during
early stages of deposition,M/z values are close to 29 gmol−1. However, as
long as depositionproceeds, theM/z values increase to 41.9±0.5 gmol−1
and 39.1±0.5 g mol−1, during depositions at −0.90 V and −0.95 V,
respectively. TheseM/z values are related to Co(OH)2 formation according
to the global reaction originated from Eqs. (3) and (4). Furthermore, theuring cobalt potentiostatic depositions.
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deposition at−0.95 V is expected since Co(OH)2 could be reduced to Co
(s) at more negative potentials during the electrodeposition process
[5,27]. In summary, these results reveal that, besides the temperature,
the electrolyte composition can also affect the mechanism of cobalt
electrodeposition.
To study the electrodeposition process in amore detailedway, these
results are combined in a 23 factorial design performed in duplicate,
where the responsesused toquantify the effect of thevariableswere the
M/zmean values at t=2 s and t=10 s, i.e. during the early stages of the
cobalt deposition and at the end of the experiment. Fig. 3 shows the
geometric representation of the results for all experimental conditions
performed at t=2 s and t=10 s. In this scheme, M/z mean values are
located at the corner of the cube in which the axes represent the
variables investigated: [Co2+:H3BO3] molar ratio, temperature and
deposition potential. As can be observed in Fig. 3, theM/zmeanvalues at
2 s and 10 s are close to 29 g mol−1 in almost all experimental
conditions, except for those obtained at 10 s during depositions
performed at 48 °C in the electrolyte containing [Co2+:H3BO3] in a
molar ratio of 5:1 (Fig. 3B). These results demonstrate that the Co
electrodeposition mechanism changes in these last conditions. More-
over, the change in the calculatedM/z values from 2 to 10 s indicates an
accumulation process consistent with a pH increase in the solution near
the interface since the M/z values increase from 31.8 to 41.9 g mol−1
at−0.90 V and 32.3 to 39.1 g mol−1 at−0.95 V.Fig. 3. Geometric representationofM/zmeanvalues (g mol−1) at (A) t=2 sand(B) t=10 s.The average of theM/z values for all experiments, themain effects of
the variables corresponding to M/z response at t=2 s and t=10 s of
deposition and the interaction effects between two and three variables
are presented in Table 2. A better visualization of these results is
depicted in the Pareto diagrams in Fig. 4. In these diagrams, the effects
for the M/z response at the end of the deposition are plotted in
increasing order and its values are standardized by an associated error
(denoted in this ﬁgure by a straight vertical line) [20]. Note that the
[Co2+:H3BO3] molar ratio and temperature are the most important
factors that affect theM/z response and there is a high interaction effect
between these variables. Also, it can be seen that the other parameters
and their interaction effects are small and can be neglected from the
analysis because they are smaller than the associated error.
From Table 2, the analysis of the main effect from the solution
composition shows that the M/z values can increase 2.8±1.6 g mol−1
during the early stages of deposition (t=2 s) and 7.4±1.9 g mol−1 at
the end of the process (t=10 s) if the [Co2+:H3BO3] molar ratio is
changed from 1:1 to 5:1. This increase of theM/z responses indicates a
mechanism change in the cobalt deposition process, meaning that Co
(OH)2 can form simultaneously with the metallic Co electrodeposition.
Moreover, the effect of solution composition reveals that Co(OH)2
accumulates over the cobalt deposits since the M/z response can
increase from 2.8 g mol−1 to 7.4 g mol−1 as long as the deposition
proceeds, which denotes the accumulation effects inferred from Fig. 2.
Table 2 also shows the main effect from the temperature change.
It was observed that this effect is not signiﬁcant during the early stages
of deposition, because the M/z value at 2 s is smaller than the
standardized error and can be neglected. On the other hand, the
increase of 3.7±1.9 g mol−1 in M/z response at 10 s suggests that the
temperature also affects the mechanism of cobalt electrodeposition as
long as the deposition proceeds leading to a mixed mechanism if the
electrolyte temperature is changed from 25 °C to 48 °C.
Regarding themain effect of potential deposition, it can be observed
in Table 2 that the effect for both cases is smaller than standardized error
and can be neglected then in these experimental conditions.
From the analysis of the cross-effects, it was observed that the
interaction effect between [Co2+:H3BO3]molar ratio and temperature is
critical, showing a positive effect of 2.5±1.6 g mol−1 and 5.6±1.9 g
mol−1 for t=2 s and t =10 s, respectively. These results indicate that
both variables are truly responsible for the mixed mechanism observed
in these conditions. Note that in Fig. 2A, the change of the temperature
did not affect themechanism of cobalt depositionwhen a [Co2+:H3BO3]
molar ratio of 1:1 was used. However, there is a mechanism change in
potentiostatic deposition at a high temperature if a [Co2+:H3BO3] in a
molar ratio of 5:1 is used (Fig. 2B).
To summarize, these results showed that the [Co2+:H3BO3] molar
ratio and temperature are critical factors that can affect themechanismof
the cobalt electrodeposition process leading to a mixed mechanism.
Moreover, the effectivenessof theH3BO3additive in certain experimental
conditions is demonstrated. This situationoccurswhen the [Co2+:H3BO3]Table 2
Variable effects estimated for 23 factorial design results.
Estimate of variable effects (g mol−1)
t=2 s t=10 s
Average±SD 29.7±0.8 30.3±1.0
Main effects±SD
(A) Molar ratio 2.8±1.6 7.4±1.9
(B) Temperature 0.6±1.6 3.7±1.9
(C) Deposition potential −0.7±1.6 −1.3±1.9
Interaction of two-factors±SD
(A) × (B) 2.5±1.6 5.6±1.9
(A) × (C) 1.2±1.6 −0.1±1.9
(B) × (C) −0.1±1.6 −1.1±1.9
Interaction of three-factors±SD
(A) × (B) × (C) −1.1±1.6 −1.0±1.9
Fig. 4. Pareto Diagram for M/z response at (A) t=2 s and (B) t=10 s.
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the case of potentiostatic depositions performedusing [Co2+:H3BO3] in
amolar ratio of 5:1, the formation of Co(OH)2 canoccur simultaneously
withmetallic Co deposition if the temperature is changed from25 °C to
48 °C. An explanation for these changes can be offered as follows:
Jeffrey et al. [17] and Elsherief [28] proposed that HER contribution is
intense in experiments performed at high temperatures. If we consider
that the hydrogen evolution reaction is more effective at 48 °C, the
reaction rate of water electrolysis in this conditionmust be higher than
the experiments carried out at 25 °C. As a consequence, the OH−
concentration at the electrode interface must be higher at 48 °C than
25 °C. This fact explains the M/z values observed for hydroxylate
species in experiments 4 and 8 (Table 1), in which the [Co2+:H3BO3]
molar ratio is 5:1. However, this individual argument does not explain
theM/z values observed in experiments 3 and 7 (Table 1), in which the
[Co2+:H3BO3] molar ratio is 1:1 and T=48 °C. In this case, we suggest
that the quantity of Co2+ ions in the solution is not high enough to
cause Co(OH)2 precipitation [29] during the reaction, since the effect of
the molar ratio combined with the temperature is critical.
4. Conclusions
The analysis of EQCM data coupled with potentiostatic measure-
ments indicated that the mechanism of cobalt electrodeposition can
change depending on the variables used during the deposition process
in sulphate solution containing boric acid. The chemometric analysis
using the factorial design showed that temperature and solution
composition are critical parameters that signiﬁcantly affect the
mechanism of cobalt potentiostatic deposition. From the experimental
conditions used here, the results showed that the cobalt electrodepo-
sition can be characterized by a mixed mechanism, i.e., a Co(OH)2
precipitation over the electrode occurring simultaneously with direct
cobalt reduction when the electrodeposition is carried out at a high
temperature (48 °C) and the [Co2+:H3BO3] molar ratio is 5:1.Acknowledgments
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